Background: Continuation or 'switch' maintenance therapy is commonly used in patients with advancd non-small-cell lung cancer (NSCLC). Here, we evaluated the efficacy of the telomerase inhibitor, imetelstat, as switch maintenance therapy in patients with advanced NSCLC.
Results: Of 116 patients enrolled, 114 were evaluable. Grade 3/4 neutropenia and thrombocytopenia were more frequent with imetelstat. Median PFS was 2.8 and 2.6 months for imetelstat-treated versus control [hazard ratio (HR) = 0.844; 95% CI 0.54-1.31; P = 0.446]. Median survival time favored imetelstat (14.3 versus 11.5 months), although not significantly (HR = 0.68; 95% CI 0.41-1.12; P = 0.129). Exploratory analysis demonstrated a trend toward longer median PFS (HR = 0.43; 95% CI 0.14-1.3; P = 0.124) and overall survival (OS; HR = 0.41; 95% CI 0.11-1.46; P = 0.155) in imetelstat-treated patients with short TL, but no improvement in median PFS and OS in patients with long TL (HR = 0.86; 95% CI 0.39-1.88; and HR = 0.51; 95% CI 0.2-1.28; P = 0.145).
Conclusions:
Maintenance imetelstat failed to improve PFS in advanced NSCLC patients responding to first-line therapy. There was a trend toward a improvement in median PFS and OS in patients with short TL. Short TL as a predictive biomarker will require further investigation for the clinical development of imetelstat. Key words: non-small-cell lung cancer, biomarker, imetelstat introduction Telomeres consist of tandem repeats of the TTAGGG DNA sequence, which function to cap the ends of all mammalian chromosomes. Capping prevents chromosomal fusion and also prevents their ends from being misinterpreted as DNA double-strand breaks [1] . When telomeres get critically short, they can no longer cap the telomere ends, triggering a DNA damage signal and resulting in senescence and/or apoptosis [2, 3] .
Telomere loss is prevented by the enzyme telomerase, which counters this loss by adding TTAGGG repeats to the chromosome ends [4] . Telomerase inhibition leads to the loss of a cancer cell's ability to maintain telomere length (TL), similarly resulting in cell cycle arrest or apoptosis/senescence.
Imetelstat is a covalently lipidated 13-mer thiophosphoramidate oligonucleotide that acts as a potent specific inhibitor of telomerase. Imetelstat's mechanism of action is not an antisense-based approach. Rather, it binds with high affinity and acts as a competitive inhibitor of human telomerase enzymatic activity [5, 6] .
Preclinical studies with imetelstat have shown its ability to inhibit telomerase in tumor cells and to compromise cancer cell viability in vitro. Imetelstat has broad tumor growth inhibition activity in multiple xenograft models, including metastatic nonsmall-cell lung cancer (NSCLC) and breast cancer [7, 8] .
Platinum-based doublet, first-line chemotherapy [9, 10] , with or without bevacizumab [11, 12] , is the current treatment standard for patients with advanced NSCLC. Additional randomized data with pemetrexed and erlotinib have demonstrated that 'maintenance therapy' in NSCLC, either as continuation [13] or switch [14, 15] , is effective.
In this study, we evaluated the efficacy of switch maintenance therapy with imetelstat in advanced NSCLC patients and explored the potential use of TL as a surrogate (predictive biomarker) of imetelstat activity.
patients and methods

eligibility criteria
Eligible patients had pathologically confirmed stage IV (per AJCC) or recurrent locally advanced NSCLC (not eligible for curative intent therapy); had experienced no progression after completing first-line platinum-doublet chemotherapy (four cycles); had Eastern Cooperative Oncology Group (ECOG) performance status (PS) of 0-1; were age 18 years; had measurable disease as defined by Response Evaluation Criteria in Solid Tumors (RECIST) v1.1 [16] ; and had adequate hematologic (ANC 1500/mm 3 , hemoglobin 9 g/dl, platelet count 75 000 μl), renal (<1.5 mg/dl or creatinine clearance >45 ml/min), and hepatic [aspartate aminotransferase (AST) and alanine aminotransferase (ALT) <2.5× the ULN, or <5× the upper limit of normal (ULN) if documented liver metastases, serum bilirubin <2.0 mg/dl and/or alkaline phosphatase <2.5× ULN or ≤5× ULN if liver or bone metastasis documented] function.
Exclusion criteria included patients with progressive disease, symptomatic or untreated central nervous system disease, and clinically significant infections or cardiovascular disease. Owing to bevacizumab use, history of pulmonary hemorrhage, therapeutic anticoagulation, and major surgery within 4 weeks before imetelstat were also exclusionary.
All patients provided written informed consent, and study approval was obtained from the institutional review boards at each of the participating centers. This study was registered with ClinicalTrials.gov (NCT01137968).
study design and treatment plan
This was an open-label, multicenter, randomized phase II study of imetelstat switch maintenance therapy in patients with advanced NSCLC, non-progressive after four cycles of first-line, platinum-doublet chemotherapy, with or without bevacizumab. Patients receiving bevacizumab continued on the drug after randomization, and patients in the control arm had the option of crossover to imetelstat at progression (Figure 1 ). Eligible patients were randomized 2:1 to imetelstat, administered intravenously at 9.4 mg/kg on days 1 and 8 every 21 days in addition to standard of care (bevacizumab or observation) or to standard of care alone. Randomization occurred between 21 and 42 days after the last dose of chemotherapy and was carried out by permuted block design and stratified according to receipt of bevacizumab during first-line chemotherapy.
Therapy continued until disease progression or unacceptable toxicities, and patients receiving both drugs (bevacizumab and imetelstat) could continue on one if the other was stopped. Crossover to imetelstat was allowed upon progressive disease.
clinical assessments
Safety evaluations consisted of a history and physical examination, including vital signs and PS, as well as laboratory measurements. Toxicity assessments were carried out using the National Cancer Institute Common Toxicity Criteria (NCI CTCAE) v4.0 [17] .
For the study's primary end point ( progression-free survival, PFS), tumor status was assessed every 6 weeks for 36 weeks and every 9 weeks thereafter for the remainder of the study. Responses were assessed with RECIST v1. and confirmation of a partial or complete response was required. As there was no blinded placebo control group, the lack of a central (independent) radiographic response assessment represented a potential limitation to our primary outcome's measures.
assessment of biomarkers
Methods for the assessment of biomarkers are described in supplementary Methods, available at Annals of Oncology online.
dose modifications
Criteria for patient dose modifications are described in supplementary Methods, available at Annals of Oncology online.
statistical methods
The primary study end point was PFS. Secondary end points included objective response rate (ORR), overall survival (OS), and safety profile. A prespecified exploratory analysis of PFS by tumor TL was also carried out. Assuming median (m)PFS of 4.5 and 2.6 months for chemotherapy with and without bevacizumab, respectively, and an exponential survival with a hazard ratio (HR) of 0.5 for the imetelstat effect, the estimated mPFS for imetelstat without and with bevacizumab was 5.2 and 9 months, respectively. With a 2:1 randomization ratio in favor of the imetelstat arm, a total of 96 patients were planned and the estimated number of PFS events required was 67.
Kaplan-Meier estimates, log-rank tests, and Cox proportional hazards models were used for PFS and OS (time-to-event) analyses. ORR results, including exact 95% two-sided CIs, were calculated using standard methods; χ 2 and Wilcoxon rank-sum tests were used to test for differences in baseline characteristics. Efficacy analyses by TL were prespecified for patients grouped into the shortest 1/2, shortest 1/3, and shortest 1/4 of TL.
results
patient characteristics
Originally, the protocol specified enrollment of 96 patients, with the primary analysis to be conducted after 67 PFS events. However, a retrospective review of all CT scan reports identified seven ineligible patients (disease progression by RECIST v1.1 at randomization). For this reason, enrollment was increased to 116 and the primary analysis of PFS was conducted after 77 events. Exclusion of these seven patients from the analyses did not change the results substantially. Similarly, results using only the first 67 events were similar to those reported for the 77 events. A final and mature analysis of survival data was also conducted with 66 OS events.
Thus, between July 2010 and April 2012, 116 patients were randomized and 114 completed a post-screening visit, including administration of protocol-specified therapy (i.e. efficacy population). Fifty-two patients received imetelstat alone, 24 received imatelstat plus bevacizumab, 12 received bevacizumab only, and 26 patients received neither. Baseline patient characteristics were well balanced between arms (Table 1) . Squamous histology was present in 18.4%; 31.6% received concomitant bevacizumab.
adverse events
Imetelstat was generally well tolerated, with ∼32% and 26% of patients requiring dose reductions and delays, respectively. Grade 3/4 neutropenia and thrombocytopenia were higher in the imetelstat arms, occurring in 17.3% and 12.5% versus 0% and 0% and 34.6% and 12.5% versus 0% and 0% for imetelstat (alone and with bevacizumab) versus control arms, respectively (Table 2 ). However, neutropenic fever and bleeding episodes (epistaxis, hemoptysis, pulmonary hemorrhage and intracranial hemorrhage) were infrequent (<2% each). All grade anemia adverse events were also more frequent with imetelstat (17.3% and 25% versus 3.8% and 8.3%, respectively), but only one patient experienced grade 3 anemia with imetelstat plus bevacizumab.
The most frequent treatment-related non-hematologic adverse events involved the gastrointestinal (57.9%), musculoskeletal (45.6%), respiratory (39.5%), nervous (42.9%), tegumentary (26.3%), and psychiatric systems (21.9%). Constitutional symptoms, metabolic abnormalities, and infections occurred in 50.9%, 35.1%, and 30.7%, respectively, but only 7%, 3.5%, and original articles Annals of Oncology 3.5%, respectively, were of grade 3/4 severity ( Table 3) . Both hematologic and non-hematologic adverse events were consistently more frequent in patients receiving imetelstat plus bevacizumab compared with imetelstat alone (anemia, neutropenia, thrombocytopenia, fatigue, nausea/vomiting, hypertension, dizziness, and headaches). However, imetelstat affected patients receiving bevacizumab differentially (lower pulmonary hemorrhage and proteinura, similar epistaxis and hypertension and higher fatigue, nausea/vomiting, headache, and myelusuppression). Overall, 17 patients discontinued treatment due to imetelstatrelated adverse events as determined by the investigator (10 in the imetelstat arm and 7 in the imetelstat plus bevacizumab arm). The most frequent causes for discontinuation were thrombocytopenia (6 patients), infusion reactions, and fatigue (2 patients each). Analysis of PFS showed a non-significant improvement in favor of the imetelstat arm (HR = 0.844; 95% CI 0.54-1.31; P = 0.446). Median PFS was 2.76 months (95% CI 1.58-3.03) for imetelstat and 2.57 months (95% CI 1.41-3.62) for control ( Figure 2A) . A non-significant trend for improvement in OS was observed in favor of imetelstat ( Figure 2B ). Median survival time (MST) for imetelstat was 14.3 months (95% CI 9.9-18.9) and 11.5 months (95% CI 7.6-15.5) for the control arm (HR = 0.68; 95% CI 0.41-1.12; P = 0.129).
No subgroup analyzed showed significantly superior PFS or MST with imetelstat. In patients receiving imetelstat plus bevacizumab versus bevacizumab alone, median PFS was 4.5 versus 3.8 months (HR = 0.95; 95% CI 0.42-2.14; P = 0.907) and MST was 14.2 versus 11.0 months (HR = 0.54; 95% CI 0.22-1.31; P = 0.167). Imetelstat did not appear effective in patients with squamous tumors, compared with observation, with a median PFS of 1.6 versus 1.7 months (HR = 1.13; 95% CI 0.41-3.07; P = 0.816) and a MST of 10.7 versus 12.0 months (HR = 1.66; 95% CI 0.57-4.85; P = 0.351). However, patients who had nonsquamous tumors and received imetelstat with or without bevacizumab had the best MST and HR versus controls (18.4 versus 11.6 months; 95% CI 9.9-22.7; HR = 0.6; 95% CI 0.33-1.09; P = 0.092).
TL analysis and correlation with efficacy
TL data by quantitative PCR (qPCR) were available for 57 patients. Results in the group with the shortest 1/4 and 1/3 of TL were similar, with consistent but attenuated results in the shortest 1/2 group, suggesting that a smaller patient subset (shortest 1/3 TL group) might be the one with the most potential to benefit.
In the 19 patients with the shortest 1/3 TL, imetelstat maintenance minimally increased mPFS from 1.5 months for the control arm to 1.9 months for the imetelstat-treated arm (HR = 0.43; 95% CI 0.14-1.3; P = 0.124 [un-stratified log-rank]). Among the 38 patients with the longest 2/3 TL, the HR was 0.86 (95% CI 0.39-1.88). Short TL by qPCR was associated with a worse mPFS (1.5 months), compared with patients with long TL (2.7 months) in the control arm ( Figure 3A) . Similarly, using telomerase fluorescence in situ hybridization (TeloFISH) (59 samples in total), a non-significant trend toward improved PFS among patients with the shortest 1/3 TL (HR = 0.45; 95% CI 0.14-1.48; P = 0.177) was observed.
The OS observed in the imetelstat patients was also superior to that shown in the control arm, when broken down by qPCR TL, although not statistically significant ( Figure 3B) . Similarly, OS improvements with imetelstat was also observed by TeloFISH in both the patients with short and long TL tumors (HR = 0.44; 95% CI 0.11-1.87; P = 0.256 and HR = 0.58; 95% CI 0.25-1.36; P = 0.200, respectively).
discussion
The treatment of advanced NSCLC, particularly non-squamous NSCLC, has seen tremendous changes and paradigm shifts over the past decade, with resulting survival improvements not restricted to the molecular revolution initiated with the discovery of epidermal growth factor receptor mutations and other genetic alterations that have led to the new concept of personalized (lung) cancer therapy [18] . Changes have also been seen in the more traditional 'one-size-fits-all' chemotherapy strategies, where the use of bevacizumab and/or pemetrexed and the concept of maintenance chemotherapy are now well accepted and widely applied. It is the latter concept that our trial attempted to address, by utilizing the novel agent imetelstat, which based on preliminary evidence showed that, following chemotherapy, tumor regrowth (or progression) may rely primarily on the proliferation of a cellular subcompartment with progenitor cell or 'stem cell'-like properties.
Proliferation of this putative 'stem cell' subpopulation is associated with telomerase upregulation, making telomerase inhibitors, like imetelstat, a promising anti-cancer-targeted therapy [19, 20] .
Because TL gets critically shorter with each cell division and does not cause immediate cell death (it is not a rapidly acting Figure 2 . (A) Kaplan-Meier (K-M) plots for progression-free survival (PFS) in the intent-to treat population, broken down by the treatment arm. There was no significant difference in PFS between arms. (B) K-M plots for overall survival (OS) in the intent-to-treat population, broken down by the treatment arm. There was no significant difference in OS between arms. mechanism), it is logical to combine a telomerase inhibitor with cytotoxic chemotherapy, which has faster anti-tumor effects, and continue the telomerase inhibitor in a continuation maintenance approach. However, our phase I trial showed dose-limiting myelosuppression when combining imetelstat with chemotherapy, necessitating a switch maintenance approach.
Although our present trial did not meet the primary end point of improving PFS with the addition of maintenance imetelstat and thus should be considered a negative trial, some of the results obtained are hypotheses-generating and suggest that further investigations are warranted. First, our biomarker analysis is consistent with the hypothesis that clinical benefit from telomerase inhibition should be greater in patients with tumors possessing shorter telomeres. We showed a numerical but not statistically significant improvement in both the mPFS and MST of patients with the shortest 1/3 TL (measured by qPCR) receiving imetelstat. However, although imetelstat did not improve PFS for those with the longest TL, again supporting the predictive power of the shortest 1/3 TL, this power is lost with the observation of a similarly higher MST in patients with the longest TL on imetelstat. Whether the latter is the consequence of the crossover design or from subsequent therapies that could have predominantly benefited the longest TL group of patient is a hypothesis that requires confirmatory studies. Secondly, the OS achieved among patients who had non-squamous tumors, including 36 patients who remained on maintenance bevacizumab, almost reached statistical significance (18.4 months, P = 0.092, n = 93). This result compares favorably with the many trials where bevacizumab has been part of the maintenance treatment regimen, including ATLAS [21] and PointBreak [22] , and in light of these results, the door opens to a scenario where the maintenance doublet of bevacizumab plus imetelstat could follow a period of 'triplet induction' chemotherapy, including paclitaxel-carboplatin-bevacizumab or pemetrexed-carboplatin-bevacizumab.
In conclusion, maintenance imetelstat failed to improve PFS in an advanced NSCLC patient population with diverse TL responding to first-line therapy. There was a trend toward a survival improvement, particularly in patients receiving bevacizumab and those with short telomeres. Prospective confirmation of short TL as a predictive biomarker will be required for further clinical development of imetelstat.
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